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Introduction



What are leptoquarks?

“Leptoquark” is a generic name for
states which couple directly to a LQ
quark andalepton. | T 777

e Assuming SU(3)-xSU(2) xU(1)y invariant and
renormalizable interactions, every leptoquark:

e belongs to a colour triplet representation of SU(3).
e carries both a baryon and a lepton numbers

e The quantum numbers used to classify the different
leptoquark states allowed by the symmetries are:

S:spin (0O or1)

ly: weak isospin (0, 1/2 or 1)

Q: electric charge (fractional) ‘LQ> =

F: fermion number (0 or -2)

H: chirality of the lepton (L or R)

S,ly» Q,F,H)



Many possible leptoquarks...

Type | Spin | I, | F=3B+L | Q Decay | Coupling Be
S, 0 0 -2 -1/3 ey, vd . 1/2
Sk 0 0 -2 -1/3 eu Aq 1
Sk 0 0 -2 -4/3 ed Mg 1

-4/3 ed -2 1

S, 0 1 -2 -1/3 ey, vd “A - A 1/2
2/3 vu 2 0
R, 0 12 0 -5/3 el M 1
-2/3 vl A 0
R,k 0 12 0 -5/3 el s 1
-2/3 ed AR 1
R, 0 1/2 0 -2/3 ed A 1
113 vd M 0
v, 1 1/2 -2 -4/3 ed M 1
-1/3 vd M 0
Ve 1 1/2 -2 -4/3 ed s 1
-1/3 eu Ag 1
vV, 1 1/2 -2 -1/3 eu A 1
2/3 vu A 0

U, 1 0 0 -2/3 ed, vi Mo AL 1/2
Uk 1 0 0 -2/3 ed Mg 1
Ur 1 0 0 -5/3 el Mg 1
1 -5/3 el 2N 1

U, 1 0 -2/3 ed AL “AL M 12
113 vd a2 0

 The most general
L Can describe
up to 24 different
leptoquarks for
each generation!

 Generally, only a
subset of these
possible
leptoquarks are
contained in a
particular model

=> Important to look
at each channel to
discriminate
between models
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Motivation

Is the apparent symmetry
relating quarks and leptons
fundamental or accidental?

This question has inspired many BSM theories which
naturally contain leptoquarks

e composite models with quark and lepton substructure

e extended technicolor
 GUTSs with different gauge groups (SU(5), SU(15), Eg, etc)

Leptoquarks can be light enough to be observabile if:

e lepton and baryon numbers are conserved (no proton decay)
e couplings to fermions are chiral (helicity suppression of n*—e*v,)

e couplings are family diagonal (avoid FCNC)



The Tevatron

World’s highest-energy
accelerator in operation

Collisions every 396 ns

Delivered luminosity
e Current: 3.7 fb"

 Today’s analyses: up
to 2 fb?

SVXIl + ISL

Muon chambers/scintillators

CDF

Forward Mini-drift

chambers

New Solenoid, Tracking System

Si, SciFi,Preshowers

+ New Electronics, Trig, DAQ



Leptoquark production

The Tevatron has enough energy to search for
the direct production of a pair of leptoquarks

e Advantages of searching for leptoquark pair production:
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e Pairs are produced via strong interaction only q LQg
(qg—LQLQ, gg—LQLQ) o
=> Essentially independent of Yukawa couplings
» Contribution from leptons in t-channel is negligible | g L0
Dominant

= Production rate depends on 1 parameter: M, 4
» Vector LQ production may also depend on some anomalous couplings

e Can study 2" and 3 generation leptoquarks without having to
assume Lepton Flavor Violation

e Can study leptoquarks which couple only to quarks and
neutrinos




_ searches N
e We will present both CDF and DO searches for light
leptoquarks in the following final states:

"l We can parameterize the
* Wi production rate of these final states

in terms of §, = Br(LQ—.4)):

* ny)

+ Ttbb o(LLjj) = 2

+ vvbb o(Lvj)) o« 2P (1-B,)

> evj] o(vvjj) « (1-B,)°

* eej] Depending on the leptoquark type:

B,=1,120r0




Searches for 2nd
generation leptoquarks



Events / 20 GeV

A

vvj]: the analyses "’

Main Backgrounds: Z—vv + 2-jets, W+jets, tt, QCD

. CDF:2.0fb" |
Signature-based search
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Search in 2 different regimes:
- E; >80 GeV, H; > 125 GeV

. E.>100 GeV, H; > 225 GeV
— H, = E(jet,) + E(jet,)

Events / 10 GeV

30
25
20
15
10

. DO:310 pb? |

(b)

ijl: |

D@ L=310 pb"

e Data
O sM
[ Qcp
e

. L ! | I 1 1
50 100

200 250
Missing E.. (GeV)

E.(j,) > 60 GeV, E+(j,) > 50 GeV
Ap(met-j;)max - Ap(met-j;)™" < 2.1 rad
Ap(met-j;)max + Ap(met-j,)™" < 4.9 rad

E; > 80 GeV




vvj]: the results )

Data-driven Predictions:

« (80/125): 2312 =140 events
* (E;,H;) = (80/125) GeV

e (100/225): 196 * 29 events

Observations:

e (80/125): 2506 events
e (100/225): 186 events
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Exclude at 95% CL
M o > 177 GeV (B8=0)
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T

Cross-section (pb)
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— 95% limit from data
\ 95% a priori limit

CDF Run Il Preliminary (2.0 fb™)

e Loy | | | | | |

140 160 180 120012
Leptoquark Mass (GeV/c")

60 80 100 120

Cross section X (1-B)” (pb)

Prediction : 75 £ 15 events
o Z—vv +jets: 46%
e W—tv +jets: 47%
e ttandfake: 6%

Observation: 86 events

10°
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Exclude at 95% CL
M, o > 136 GeV (8=0)

AN

D@ L=310pb"’
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uvjj: the analyses

Main Backgrounds: W—uv + 2-jets, tt, QCD(fake)

. CDF:198 pb! |

Met > 60 GeV and H; > 80 GeV
* H;=E(j)+E+(i2)
Selections of reconstructed and

transverse LQ masses (M;(jet.-E;)

and M around nominal value

pLjet-i)

Events / 25 GeW/e’
e e -
SS_S:S58

Events / 25 GeVie’
e At
» ~

Events / 25 Gew/c’
- T
E _LEE 8

250 300 350 400 450 %50 S0 100 150 200 250 J00 J50 400 450 390
M(Missing E,.j,). GeV/c M(Missing E,.j), GeV/c

| DO0:1.05fb' |

DO Run Il Preliminary, 1 fb™’
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Events / 25 GeV/e’
o =yt =t
[ )
I

Qm « 180 GaV

: W50 B0 5 S -
Missy), GeVie My ), Gevic

E E \:] ALPGEN (Z — pu)+ets
10 E [ Arcen wos inousive
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* S7= Eqljy)+Eq(i,)*Eq (1) +Ef)
MT(jet1-E’T) < LQ reconstructed
transverse mass

Leptoquark mass M ;. ;
GeV of each choice of M, g .,

within 100




o (pb)
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10

10°

uvjj: the results

Prediction : 3.1 £ 0.5 events

W/Z + jets: 60%
tt: 32%
QCD (fake): 8%

Observation: 0

For M, q

200 GeV

Exclude at 95% CL
M,_Q > 170 GeV ([3 1/2)
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Prediction : 6.4 * 1.1 events
W/Z + jets: 61%

Observation: 6

tt:
QCD (fake):

36%

3% For M4

200 GeV

i

L

Theoretical Cross Sectio

s, Phys Rev Lett 79, 341, '97

CTEQ4M, Q=M_4

N CTEQ4M, Q =05, 2 M4

95 % CL CDF Upper Limit

m(LQ) > 170 GeVic2

N AR AT . A

| l | l | [ 1 1

III\HI\‘ | 11
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0.5

0.4

0.3

Exclude at 95% CL
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D@ Run Il Preliminary, 1 fb™

ol °xBR(Q = M)
_______ 6,, X BR error (Q = MLQ)

0.5 o XxBR(Q=M)

—@— o2 C observed

—O— oo O expected

210 GeV
214 GeV
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uwnjj: the analyses "’

Main Backgrounds: Z/y*—uu + 2-jets, tt, QCD(fake)

. CDF:198 pb! |

Kinematic sig/bkg discrimination |

IIITTTTIIIITTT]IIIT IIIITTII
MC Int. um=25f

Mg =220 GsVic °

§ T§III§T § §

- <. . . DYTop

P.(u,) + P(u,) (GeVic)

W IS P PR P T BT
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Oi,.m‘.m.‘.m.‘.
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[

DO: 294 pb-’

Search in four
regions of the
M, - S; plane

S; = 2[E;(:)+E(w)]

-

Selection region parameterized
in terms of H(jets) and H;(u):
* Hq(jets) = E;(j;)*E;(j,) > 85 GeV
* Hy(n) = Eq(uy)*+E(py) > 85 GeV
« ¥ (H{(jets)? + Hy(u)?) > 200 GeV
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upjj: the results

o (pb)

Prediction: 3.0+ 1.0 Predictions: Observations:
o ZIv* +jets: 57% Bin 0: 5.1 £1.6 Bin 0: 2
e QCD (fake): 33% Bin1:1.0 £ 0.4 Bin 1: 2
- Bin2:04%0.1 Bin 2: 2
Observation: 2 .
Bin 3: 0.3 £ 0.1 Bin3: 0
Exclude at 95% CL Likelihoods for all bins are combined
M,_Q > 224 GeV (8=1) Exclude at 95% CL
N M.q > 247 GeV (§=1)
= \\\\ QS%CLI(ZDF—U;-;;;erLi:it 3 """" TTT
- AN 1 & | ------- (pp—>LQzLQ2—>uquq)
B 1 ‘e A —e— Observed limit
é --&- Expected limit

| \IHHI‘

107 .

- v p=1 ]

E m(LQ) > 224 GeVic2 E - -
- I8|0I 100 120 140 160 180 200 2220 240 260 | ‘2310+ DQ 294 pb ,,,,,,

Leptoquark Mass (GeV/c') 140 160 180 200 220 240 260 280 300

Scalar leptoquark mass m, , [GeV]
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Combined results: 2"d generation

Parameterizing the results for wujj, wvjj and vvjj as a
function of  and combining them, yields:

[ CDF } [ DO J

To be updated 225 GeV To be updated
Search For Second Generation Scalar Leptoquarks — 1— i S B —— |
N T o DE2PY' ‘

W + W]

0]
comb.
] L ]

0 160 180 200 220 240 [260 280
Scdlar leptoquark mass [GeV]

|lIlIIIIlIIIIII|IIII|III1|III1

inary,1§]8pb"
1 1 I 1 1

0} Lseer |
0 e Le:)‘;(:)QUa:I??was;(sgeVIc%?O - - 214 Gev 251 Gev




Searches for 3rd
generation leptoquarks
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tt)j: the analyses i

Main Backgrounds: Z/y*—tt, + 2-jets, tt, QCD(fake)

mEnint(nls)v

. CDF: 322 pb! |

30 pp—t 1, (bt)(bY) CDF Run Il Preliminary (322 pb’)
m T T l T T T T [ T T T T I T T
o vV ]
S - —8— Dutu (L=322 pb™)
g [ 3 ]
S 250 [ #m=150 Gevre* )
S N []z-m—y ]
- L ]
g [ I oco .
g 20— | - -
=z - = i

N [ wjets
15— —
10F

0 1 22
Number of jets

tau channels: 1 ¢, or T, and 1 t,
No b-tagging is applied to jets
M;(£-E;) < 35 GeV

+ M;>35 GeV used as control region

N, in signal and control regions is
an input in limit calculation

Entries

L 1, = ntv, a*nlv,

[

DO: 1.05 fb-

|

.......
1

S|ngle & Double tags

:_ ................. Dﬂprellmmary

® data

B aco

E;

| I wob— v bb

[ Jweesivee

| [ wljets— Iv ljets
- | 206 b6

-1 [ 28 Il &

- | [ z+ljets— Il ljets
|:| wz+zz — incl.

i | = Signal(220 GeV)*10

...... Signal(1 80 GeV)*5

200 300 400 '500 600 700 800 900 1000

S; (GeV)

tau channels: 1<, and 17,
2 samples: 1 and 2 b-tag jets

S; is an input in limit calculation

© Sr= Er(j)*Ec(ip)*Er{u)* Eq(t,)+ &)




19

tv)j: the results

Predictions: Observations:

T.Th- 2.010.6 T T 1

T, Th: 1.0£0.6 T, Th- 1

Predictions: Observations:
1-tag: 14.8 £ 0.5 1-tag: 16

—_
o

, LQ, ) x Br¥ LQ,— bt ) pb

c(pp— LQ

Exclude at 95% CL
M o > 151 GeV (B=1)

DF Run Il Preliminary (322 pb™)

2-tags: 3.6 £ 0.1 2-tags: 1

tt: 24%
Z+jets: 40%

tt: 59%
Z+jets: 10%

—— s\ 2 02
+Y 6poF + Oéaie

CDF Run |, LEP (from 3rd Gen LeptoQuark Search)

: : : _ m > 155 Ge‘é//c2
i I i i i i

- 1 \= . | !
Onio (PP— EQNQ; ) Br( LC;)3—> bt) $100%

Exclude at 95% CL
M o > 180 GeV (B=1)

-
o

% C.L. Lélpper Iinéﬂt:
Obsz:erved
Expiected (iEG)

95% CL ox B2 [pb]

100 110 120 130 140 150

M q GeV/c?

LQ3LQA3— btbr 95% CL ox B’[pb] limit .vs. LQ3 mass

= =:@-=-= exp. limits (single- and double-tags combined)

—e—— 0bs. limits (single- and double-tags combined)

NLO cross section (B=1)

I:l Error band (B=1)

_________ lower edge of error band (B:1-0.5*Fsp)

............

................................

~e,

... PO preliminary. 2| |2 TN " .

L=1.05f"
| I U T ST S

120 140 160 180 200 220
LQ3 Mass [GeV]
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tt)j: Vector Leptoquark results

|

| CDF: 322 pb-!

e A similar analysis constrains Vector Leptoquarks
 Slightly different selections
« 2 kinematic regimes:

— Function of H; = E(jets)+E(u,)+E{)

Predictions:

H.€[250,400) GeV:

Tt 3.310.6
T,T,: 2.220.4
HTE[400,0) GeV:
T,T,: 0.310.1
T, Ty 0.2+ 0.1

Observations:

H.€[250,400) GeV:

TTh: O

T, Tyt 3
HTE[400,00) GeV:

Tt 0

T, Tyt 0

95% CL exclusion (=1) :
Yang-Mills: M o > 303 GeV w0t
M, q > 235 GeV

Minimal:

o(pp — VLQ, VLQ,) (pb)

o
™

[W—
p— o
T IlIIII[l T IlII[IIl [ TTTTTL

._.
<

CDF Run II Prellmmary (322 pb

T [IIIII|

L CDF Run I

| Minimal

Couplings
_b

~ Yang-Mills

L Couplings
: £

c@ocen oo .
T
~
-
-

(JR(a PPA+PYTH1A Momu Carlo

VLQ —)Tb)_ 100%, CTEQSL
Yang-Mills Couplings

Minimal Couplings

[ ] Theory Uncertainty (+ \IGE,DF +o2_ )
Observed 95% C.L. Limits-

= - Minimal Couplings —
—— Yang-Mills Couplings

| | III[IITv

LI

o ,
T - = o o

M > 251 GeV/c’
M 317 l(ic\'v"c"
L1

[ [IIIII|

~
~
1N

150

N_
S[TCDF Run

300 350 400
Vector LQ.. Mass (GeV/c?)

]250|
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vvbb: the results -

. CDF: 2.04 b |

Previous dijets + E; results
can be used to constrain all
generations of Leptoquarks

e Acceptance for 39 gen LQ is
smaller than for 24 gen LQ

e
7’

~

e el
’—— ~~

” —y
-

Exclude at 95% CL <
M, > 167 GeV (B=0)

-
\§~ —’
e e am m— =

Exclude at 95% CL

M, o > 229 GeV (B=0) /

10

. DO:425pb! |

Dedicated bb + E; analysis:
b-tagging of the jets
Prediction: 7515

Observation: 86

oo I I
DO, L = 425 pb’!

— Scalar LQ cross-section, NLO,u = 1 l\/lLO

2
+
8PDF

+8°
PDF

(0) ], B=1
(6)1, B=(1-05°F )

B2x[o i‘“ &:(o)
A —-B?x[o - \I & (o)

—— Observed limit

~

150 200 250 300

M, o (GeV)

350 400




Searches for 1st
generation leptoquarks
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evj]: the results ”

. CDF: 203 pb' |

Prediction: 4.6 £ 1.2 events

e WI/Z + jets: 56%
. th: aa% | ForMyg
Observation: 4 200 GeV

o x2B(1-B) (pb)
o

-

10°

Exclude at 95% CL

M, > 176 GeV (B=1/2)
[T T T T T T T T T T T T T| Theoretical Cross Sections, Phys RevLett 79, 341,'97

T TTTITO

LI \HIH‘

T \\IIH‘

JIH‘

LI L

CTEQ4M, Q= M,

Q4M, Q=05,2Mq
e 35 % CL CDF Upper Limit

m(LQ) > 176 GeVI/c’

RN RN RERTENEN AR /AT RN ST AR S

| l\lIIJI‘

| lJ\IIJI‘

TIJI‘

L1 J L 1 1 1 1 L | 1 | 1 1 1 1 | 1 Il 1 \ L1
100 120 140 160 180 200 2202 240 260 280
Leptoquark Mass (GeVIc')

| DO: 252 pb! |

Prediction: 3.6 £ 1.2 events
e W/Z+jets: 61%
e tt + QCD: 19% + 20%

Observation: 1

Cross Section x 23(1-B) (pb)

Exclude at 95% CL
M, o > 208 GeV (B=1/2)

® .=
evj]

-,
o~.
*e
03
%
3 —
Se, <+ — .
A 2
... )
. 3
-

DG 252pb’

I I T P B\ A T T A, T
120 140 160 180 200 220 240 260 280
Scalar Leptoquark Mass (GeV/c 2)




eejj: the results .

. CDF:203 pb"' | . D0:252pb! |

o (pb)

Predictions : 6.2 + 2.2 events Predictions : 3.6 £ 1.2 events
o Z+jets: 31% e Z+jets: 41%
. QCD (fake): 65% | F°"Mwa . QCD (fake): 50%
Observation: 4 200 GeV Observation: 1
Exclude at 95% CL Exclude at 95% CL
M, . > 235 GeV (B=1/2) M, o > 241 GeV (B=1/2)
 emcomesm s | S| . %
B N CTEQaM,Q=ml@) | Nv 1 = eejj
— \\ CTEQ4M, Q = 0.5 m(LQ),2m(LQ) — o oNye, mm
E CDF 95% C.L. Cross Section Limit E X
i ] c
[ 18 [ ™
3 E 1] N
= - Q | T~ e
- - R
i . e
o £ IS
3 1 0 b | TN 2
- m(LQ) > 235 GeV/c? . (&) DO 252pb‘1 ...........
. R R P I S ~180 200 220 240 260 280 .

80100120 140 160 180 200 2220"24‘10' 260 280 5
Leptoquark Mass (GeV/c") Scalar Leptoquark Mass (GeV/c")
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Combined results: 15t generation

Results from vvjj searches are applicable to both 2" and 1st
generation leptoquarks.

Can’t distinguish the light quark jets

CDF
To be updated

|

0.3 Logl

o
oz B o PO S —
o1 B e s

CDF Run Il Preliminary,203pb™

GeV

||||11#—v——r:||1||||

140 160 180 200 220

Leptoquark Mass (GeVFc )

120 24

0177 GeV

[

.
.
o0
o®

*
.
e
.

%.--I.-I ‘-II—II"—I 1 1 I 1 1 1 1 1 1 I I 1 1 I 1 1 1
01 40 160 180 00 220 240 260

Scalar Leptoquark Mass (GeV/c 2)

234 GeV 256 GeV



Conclusion
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e CDF and DO have performed searches for direct production
of leptoquark pairs in many different final states

e Results cover up to 2 fb-! of data

 No evidence for leptoquarks has been found
e Constraints on 1st, 2nd gand 3" generation leptoquarks

Summary of the limits on M, (in GeV)
/ 1st 2nd 3rd\ / 1st 2nd 3rd\

3= 1 236 225 151" 3= 1 256 251 180

3=1/2 205 208 - 3=1/2 234 214 :
\p=0 177 177 167 / \p=0 136 136 229 /

* 303 GeV for vector leptoquark with Yang-Mills couplings



